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Unité de recherche INRIA Rocquencourt

Domaine de Voluceau, Rocquencourt, BP 105, 78153 LE CHESNAY Cedex (France)
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l5qxh�gLo/`�{GgiX/WYpLyx`G�xq5`�y¡f�u
gi|x`�g}\_q5Z[`�q9gNm�gi|x`�q5X[WY^3\_� \_q5y¢gi|5`�f5hkq5X/Wi^3\_�
\*g"gi|R\7g�wRX/hnq9gN� � |xhnp��DW]\*^�`#y5`�wR`�q5y5p¦X/q?gi|x`��xWYp©g
\_q5y�gY|5`�pi`�{�X/q5y�y5`�Wihno/\7gihno/`�pzX_��gi|x`L{�lxW©o�`/m5h�gb{7\_q�gi|Tl5pvfR`�{�X/^�w5l�gY`�y�`G�Twx�nhn{�h�gY��u��

ÆzX7��`Go�`�W7m�gi|5WY`�`�w5WYX[fx�n`�^�p�`G��hnpigNÃ

) � |5`3q5X[WY^3\_� hnp�qxX_g#yx`G�xq5`�y X/q �nhnqx`7\*W�{�lxW©o�`¤pY`�Z/^�`�q�gip7m�q5X[W#^�X[WY`�Z/`�q5`�W}\_�n�nu�m��z|x`�Wi`¤gi|5`
{�l5W©o/\*gil5WY`�o[\_q5hkpi|x`�pN�

) � |5`Lq5X/Wi^3\_�QyxhnWY`�{GgihnX/q	�xhnwxpb\*gbgY|5`�hnq
�,`�{GgihnX/q�wRX/hnq9gip7�

) � |5`Lq5X/Wi^3\_�Q{7\_q�WYX_g}\*gi`�hnq�\*q�lxq5y5`�pYhnW]\*fx�n`L^3\*q5qx`�Wz\*WYX[lxq5y3gi|5`��/� {GlxW©o�`/�

��qP\*�ngi`�WYq,\7gYh�o�`�giX�gi|5`3*5WY`Gqx`Gg��DW}\_^�`�|,\_p�fR`�`�q%w5WYX/wRX[pY`�yHf�u����nX�'�hnq À ���nX9�/ÈNÂE�
���kX�'�yx`]�,q5`�p
\�WiX[g}\*gihnX/q%^�hnqxhn^�h���hkq5Z¦X[Wigi|xX[Z/X[qR\*���¥W]\_^�`"f�u�gi|5`¦WY`�j9l5hkWi`�^�`�q9gvgi|,\*g�gi|5`#WiX[g}\*gihnX/q%X[� gi|5`��DW}\_^�`
fR`�^�hkq5hn^�h ��`Gy�\*�kX[q5Z#gi|x`�{�l5Wio/`/�

��pYpilx^�hnq5Z�gi|,\*g�� 2��(4]m���� À61 ����Â�hnpL\�WY`�Z/l5�¥\_Wv{�l5Wio/`/m����kX�'�y5`G�,q5`�pvgi|5`#WiX[g}\*gihnX/qH^�hnq5hk^�h���hnqxZ
X/W©gY|5X/Z[X/q,\_�¨�DW}\_^�`���2��(4����:2��(4���� 2��(4�\*�kX[qxZ�� pYl5{}|�gi|R\7g

� 2�� 4 �!� � 2��(4#"%$&$ � � 2��(4'$&$
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� 2�1�4�\*qxy ��2 1�4bfR`�hnq5Z3{}|5X/pY`Gq¡pYl5{}|Hgi|R\7g � 2�1�4}m �:2 1�4�\_q5y�� 2�1�4v\_WY`¦^�l�gilR\*�k��u�X[Wigi|xX[Z/X[qR\*��lxq5h�g
o�`�{GgiX[WYp7�

� |x`GpY`�`�j9lR\7gYhnX/q5pvZ[l,\_W]\*q9gi`�`Lgi|,\*gbgY|5`�WYX_g}\*gihkX[q�X_� � 2�� 4�hnpb^�hkq5hn^3\_�,\_�nX/q5Z#gi|5`�{�l5Wio�`/�
��p¤\P{��nX/pi`�y�£1�DX[WY^ piX/�nl5gihnX/q X[�zgY|5`�w5WY`GoThkX[lxp#`�jTl,\*gihnX/q5p�y5XT`�p#qxX_g�`G�Thkp©g7m����kX�' \*�kpiX¡Z/h�o/`�p¤\

Z/`�X[^�`GgYWihk{�{�X/q5pigiWYl5{GgihnX/qHX_��gi|x`"WYX_g]\7gihkX[q�^�hnq5hk^�h���hnqxZL�¥W]\_^�`�f,\_pY`�y�X/qH\_qH\_w5w5WYX7�Thk^3\7gYhnX[q�X[��gi|5`
{�l5Wio�`�f�u�\�pi`�jTl5`�q5{�`�X[��p©giW]\_hnZ/|�gb�nhkq5`Lpi`�Z/^�`�q�gip7�

� |xhnp�pYX/�nl�gihkX[q�|R\*p�fR`�`�q�\_y5X/w�gi`�y¤�¥X/W
{�X[^�wxl�gihkq5ZLgi|5`��¥W]\_^�`�p�\7g
`7\*{}|3wRX[hkq�g�X[�¨gi|5`�\7��hnp7���zX_gY`
gi|R\7g�\�pYwR`�{�h¥\_�RgYWi`7\*gi^�`�q9gb|,\*pzfR`�`�q�\*y5yx`�y3�¥X/Wb{�l5pYw5p7ÃT�z|5`�q�\"{�l5pYw3hkp
y5`Ggi`�{Ggi`�yHX/q�gi|x`�\7��hnp7m�gi|5`
X/Wihk`�q�g}\*gihkX[q�X_��gi|5`L�DX/�n�nX7�vhnq5Z��DW}\_^�`�pbhkp�WY`Go�`�WipY`�y¨�

� |x` 2
	�� 
 ��� 4�{GXTX/Wiy5hkq,\*gi`�p�X[� ��\_WY`�gi|Tl5p�y5`G�xqx`�y \*p�gY|5`�{�XTX[WYy5hkq,\*gi`�p�X[� � hkq gi|5`��DW}\_^�`
\_pipYXT{GhD\7gY`�y�giX � � � �zX[gi`Lgi|,\*gzhkq�^�X[pig�{7\_pY`Gp7m 	�`�j9l,\_�np ��`�WiXx�

����� � ��� � � � ��� �������
��� ��"

� |x`�w5WYXT{�`GpYpz�DX[Wz{GX/^�w5l5gihnqxZ¦gi|5`�yx`]�DX/WY^�`Gy3wRX/pihngihnX/q �	��

���#X_�
\¦o/`�Wigi`G� � hnpz\_pz�¥X/�n�kX7�zpN�
	B`Gg�� �� fR`�gi|5`LwRX[hkq�gbX[��gi|5`Ly5`G�DX/Wi^�`�y�\7��hnp
{�X[WYWY`�piwQX[q5yxhnq5Z�giX � � � � � � hkp�yx`]�,q5`�y�pYl5{}|¤gi|,\*g

h�gYp¦w,\*W]\_^�`Ggi`�W�o/\_�nl5`3X[q gi|x`¤y5`G�DX/Wi^�`�y \7��hnp¦hnp¦`�j9lR\*��giXHgi|x`¤w5WY`GoThkX[lxpi�nu¡{�X/^�w5l�gY`�y¢w,\_W]\*^�`Ggi`�W
o/\_�nl5`�X[� � � �

� ��
���� hkp�gi|5`bo/`�Wigi`G��y5`G�xqx`�y#f9u"gi|x`�2
	���
���� 4��kX9{7\_�T{�XTX[WYy5hkq,\*gi`�p hnq¦gY|5`
�DW]\*^�`b\*pYpYX9{�h¥\*gi`�y¦�vh�gi|
���� �

� � �¤�(���%$(���#�%$

-?`#|R\Go�`�gi|Tl5p��1\_W"w5WYX/wRX[pY`�y¢\3f,\_pihk{�o�`�WYpihkX[q¡X_��gi|5`����5�z��gi`�{}|5q5hkj9l5`/� � |5`#X[q5�nuPy5`G�DX/Wi^3\*gihnX/q5p
gi|R\7g�{7\_q fQ`�{GX/q9giWiX/�n�k`�y \_Wi`�gY|5`¤yx`G�¥X/WY^3\7gYhnX/q5p"X/f�g}\_hnqx`�y `�hngi|5`�W¦f�u?fR`�q5y5hkq5ZHX[W¦pigiWY`Ggi{}|5hkq5Z�gi|5`
\*�Thkp�21{G�s� *<hnZ/l5WY`��b�DX/W
\�pihk^�w5�n`�`G�5\_^�w5�n`(4]�9Ävgi|5`�W�w,\_W}\_^�`Ggi`�WYp({7\_q�fR`vy5`G�xqx`Gy¤hnq�X/Wiy5`�W
gYX"`G�9gY`�q5y
gi|x`��v�5�v��gi`�{}|xq5hnjTl5`/�QtTX[^�`LX_��gi|x`�^ \*WY`�pYl5Z/Z[`�pigi`�y�hkq3gi|5`L�DX[�k�nX7�zhkq5Z�w,\_W]\*Z/W}\_w5|xpN�
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t9{7\_�n`�\*qxyHgE�zhkp©g�Z/W}\_w5|xp�{7\*qH`7\*pYhk��u�fR`¦\_y5y5`�yHgYX�gi|5`¦�v��h¥\_���v`G�DX/Wi^�\7gihkX[q�gi`�{}|5q5hkj9lx`[� � |5`"gE�zhkp©g
21WY`�pYw¨��pY{7\*�k`(4�o/\*�kl5`�wR`�Wi^�hngipLgi|5`�g��zhnpigihkq5Z 2MWi`�pYw¨��pY{7\*�khnq5Z 4�X[��gY|5`�X/f�r�`�{Gg�\_WiX/l5q5y¡gY|5`3\*�Thnp7� � |x`
X/f�r�`�{GgYh�o�`"hnpbgiX#yx`G�xq5`�fRX[gi|H\�gE�zhkp©g�\*qxy�\�pY{7\*�k`��1\_{]gYX[WL\*gz`7\_{}|�wRX/hnq9gzX[�<gY|5`�\*�Thnp7ÅTgi|5`�pY`L�î\_{GgiX/WYp
\_Wi`"gi|5`�q%lxpi`�y��DX[W�{�X/^�w5l5gihnqxZ�gi|x`"y5`G�DX/Wi^�`�yHX/f�r�`�{Gg � pvo�`GWigihk{�`�pN� *5WiX/^ gi|5`�l5pY`�W � pzwRX/hnq9gvX[�
oThn`G��m
\"g��zhnpig 21Wi`�pYw¨�5pY{7\_�n`(4
�î\_{GgiX/Wb{7\_q�fR`�y5`G�,q5`�yH\*gv\*q9u¤wRX[hkq�gbX[��gi|x`�\7��hnp7� � |x`vo/\*�kl5`�\_�nX/q5Z¦gY|5`�\*�Thnp
hnp�gi|9lxp�X[f5g}\*hkq5`�y f9u hkq�gY`GWYwRX/�¥\*gihnqxZHgi|5`�o[\_�nlx`�p#y5`G�,q5`�y f�u¢gY|5`�l5pY`�W7� *<hnZ/l5WY` 8%hk�n�nl5pigiW]\*gi`�p�gi|5`
g��zhnpig��1\*{GgiX/W"f9u?\3pYhn^�wx�n`¦`G�5\_^�w5�n`/� � |5`�l5q5y5`G�DX/Wi^¤`Gy¡X/f�r�`�{Gg¦hnp�{�X[^�wQX[pY`�yPX[�
gE�
X�WYX9y5p�pY|5X7�zq
hnq *�hnZ/l5WY`$8N£M�n`G�¥gNÅ(\�pigiW]\_hnZ[|9g�\*�Thkp"|,\_p¦fR`�`�q¢wRX/pihngihnX/q5`�y fR`GgE�
`G`�q¢gi|5` 8�WiXTy5p7� *<hnZ/l5WY` 87£MWihkZ[|9g�hnp
X/f�g}\_hnqx`Gy%�zh�gi|xX[l5g�{}|,\_q5Z/hnq5Z3gi|x`�pY|,\_wR`¦X_��gi|5`#\7��hnp7m�r�lxp©g�f�uP\*yxy5hnq5Z�\#gE�vhnpig��1\*{GgiX/W�X[� 13\7g�X[qx`
`�q5y%\*qxy�\_q5X[gi|5`�WvX[�(�/È�1¦yx`GZ/WY`�`�p�\*gbgY|5`�X_gY|5`�Wv`Gqxy¨�

� � � � � ������� ��������� �����

¼ q¤X/Wiyx`�W�gYX�hk^�w5WYX7o/`
gY|5`L�v�Th¥\_�B��`G�¥X/WY^3\7gYhnX/q�gi`�{}|xq5hnjTl5`/m,\ ��X[qx`�X_��hnq
�,l5`�q5{�`�{7\_q�fR`�hnq9giWiXTy5l5{�`�y
giX¦y5`G�,q5`vgi|x`zwRX/WigihnX/q�X[�¨gi|5`L�/� pYw,\_{�`vgiX¦fR`vy5`G�DX[WY^�`�y¨� ¼ q3X[lxW�hn^�wx�n`�^�`�q�g]\7gYhnX[q�m*��`v|,\�o/`�g}\('/`�q
\_y�o/\*q9g}\_Z[`vX[�xgY|5`by5`G�DX/Wi^3\*gihkX[q�\*��hnp�giX�yx`]�,q5`
gY|,\7g pYw,\_{�`/�[��pYhn^�w5�k` piX/�nl�gYhnX/q�{�X/q5pYhnpigip
X[�Qy5`G�xq5hkq5Z
g���X ��X/q5`�p�X[� hnq
�xlx`�q5{�`	� ¼ ^�hnq�\_q5y
� ¼ ^3\7��\*p�Z[`�q5`�W]\_�<{Gu��nhnqxy5`�WYpL\*WYX/l5q5y�gi|5`¦y5`G�DX/Wi^3\*gihkX[q%\7��hnp7m
� ¼ ^�hnq¤fR`�hkq5Z�hkq5{��nl5yx`�y3hkq�gYX�� ¼ ^3\7�B�

� |x`¦o/`�Wigihk{G`�p�X[� gi|x`�X[f�rs`�{Gg"��u�hnq5Z3hnq5pYhnyx`�� ¼ ^�hnq 21WY`�pYw¨�QX/l�gipYhny5`�� ¼ ^3\*� 4
�vhn�n��fR`¦�Dl5�k��u�yx`G�¥X/Wi£
^�`�y 21WY`�pYw¨�R�vhn�n��q5X[g"fR`�y5`G�DX/Wi^�`�y?\7g¦\_�n��4]��

`�Wigihk{�`�p�hnq5£1fR`Gg���`�`�q¡�zhk�n��fR`#w,\*WigihD\*�k��u�yx`G�¥X/WY^�`�y%f�u
hnq9gi`�WYwRX/�¥\7gYhnq5Z�gi|5`�y5`G�DX/Wi^3\*gihkX[q�w,\_W]\*^�`Ggi`�WYp7m9pYl5{}|H\_p
g��zhnpigNm5pY{7\*�k`�\_q5yH\*g©g]\*{}|HwRX/hnq�g7�

� \_{}| �GX/q5`LX[�¨hkq
�xlx`�q5{�`�hkp�y5`G�,q5`�y�f�u�gi|5`�gE�
X�W]\*y5hkh��������3\_q5y������ 
�X_��`7\_{}|�{�hnWY{�l5�¥\_W�{�WYX/pipi£
pY`�{GgihnX/qH\_�nX/q5Z¦gY|5`�\7��hnp7� � |5`�pY`�W]\_y5hnh�\_Wi`�y5`G�,q5`�y�hnq3gY|5`�p]\*^�`�^3\_q5qx`GWz\_pzgi|5`Lg��zhnpigbX[Wbgi|5`�pY{7\*�k`
w,\_W]\*^�`GgY`GWYp7�
*<hnZ/l5WY`3��hk�n�nlxp©giW]\*gi`�p�gY|5`¤lxpi`3X_�zgi|5` ��X[q5`3X[�zhnq
�,l5`�q5{�`/� ¼ q *<hkZ[lxWi`3�*£M�n`G�¥gNm
\�w5�¥\_q,\_W¦pilxW©�1\_{�`

hnp�pY|5X7�zq \_q5y¡gY|5`�\*�Thkp"l5pY`�yPgiXHy5`G�DX[WY^ gi|x`#pYl5Wi�1\*{�`�hnpLo�hnpYl,\_�nh���`�y¡hnq?f5�D\*{ 'Q� � |5`#gE��X ��X[qx`Gp�X_�
hnq��xl5`�qx{G`3\_WY`3\*�kpiX�oThkpil,\_�nh ��`�yPl5pYhkq5Z�giW]\_q5pYw,\*WY`�q5{�hk`�pNÃ�� ¼ ^�hnq¡hnp�gY|5`�hnqxq5`�W ��X/q5`��z|xhn�n`�� ¼ ^3\*�Phnp
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*<hnZ/l5WY` 89Ã � �vhnpigihnqxZ¦gE�
X�pigiW]\*hnZ/|9gzWYX9y5p7�

gi|x`�X/l�gi`�W�X[qx`[��Ä�q5��u?gY|5`3o/`�Wigihk{G`�p�X[��gi|5`�X/f�rs`G{Gg¤�nuThkq5Z%hnqxpihky5`�� ¼ ^3\7�?�vhn�n��fR`�y5`G�DX[WY^�`�y¨� � |x`
y5`G�DX/Wi^�`�y�pYl5Wi�1\*{�`�hnp
pY|5X7�zq�hkq *<hnZ/l5WY`L�*£1WYhnZ/|�gz�z|5`�WY`�gY|5`�y5`G�DX[WY^�`�y�\*�ThnpzhnpbpY|5X7�zq�hkq3fx�¥\_{ 'R�

� ��� � ��� � � � 	 � ��� ���
� � �

��{�X[qxpi`�jTl5`�q5{�`?X[�¦gi|5`¡hnq5y5`�wQ`Gqxy5`�q5{�`?X[�¦gi|5`?�v�x�z�"gY`�{}|5q5hkj9l5`¢\_q5yKgi|x`PZ/`�X[^�`GgYWihk{%^�X9yx`G�Lhnp
gi|x`"{7\_w,\*{�hngEu�X[� `G�Tw5�kX[hngihnqxZ�gi|x`"y5`G�DX/Wi^3\*gihkX[q�gYX9X/��w,\*W]\_y5hnZ/^H� � |x`"y5`G�DX[WY^3\*gihnX/q�gYX9X/�<^#l5pig��Dl5�k��u
y5`�pY{�WYhnfR`�gi|5`�y5`G�DX/Wi^3\*gihkX[q�� ¼ q��v�5�v�sm,\¦y5`G�DX/Wi^�\7gihkX[q¤giXTX[��hkpb{�X/^�wRX[pY`�y¤X[�sÃ

) gE��X¤\*�T`�p7Ã�gi|5`�l5qxy5`G�DX[WY^�`�y¨m�X[Wzhnq5hngih¥\_�¨\*�ThkpNm,\_q5y3gi|x`�y5`G�DX[WY^�`�y¨m5X/W
�xqR\*�¨X/q5`/m

) gE��X ��X/q5`�pbX[��hnq
�xlx`�q5{�`/m � ¼ ^�hnq�\_q5y � ¼ ^�\7�Bm

) \"gE�zhkpig
Z/W]\*wx|H\*qxyH\�pY{7\*�k`�Z/W]\*wx|¨�
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*<hkZ[lxWi`L��Ã �RX/q5`LX_��hnq��xl5`�q5{�`/�

��p�gi|5`vy5`G�DX[WY^3\*gihnX/q�hnp
�Dl5�n�nu#y5`�pY{�WihkfR`�y#f9u�gi|x`�y5`G�DX[WY^3\*gihnX/q�gYX9X/�Mm/gi|5`�p]\_^�`
y5`G�DX[WY^3\*gihnX/q�{7\*q
fR`"\*wxw5�nhk`�y3pY`Go�`�W}\_�RgYhn^�`�p�giX�yxh��Q`�WY`�q�gbX/fTrs`�{Ggip7mxpYhn^¤w5��u�f�u¤lxpihkq5Z¦gi|x`�p]\_^�`�y5`G�DX[WY^3\*gihnX/q�gYX9X/�M� ¼ q
*<hkZ[lxWi`za�gi|5`vp]\*^�`
yx`G�¥X/WY^3\7gYhnX[q#giXTX[�Qhnp�\*wxw5�nhk`�y�gYX�gE�
X"y5h �Q`�WY`Gq9g X[f�rs`�{Ggip7Ã5\�pigiW]\*hkZ[|9g�WYhnf5fRX/q�\_q5y
gi|x`�g��zhnpigi`�y�WYX9y5pzw5WY`�pi`�q9gi`�y�hnq *<hnZ/l5WY` 89� � |5`�hkq5h�gYh¥\_�B\7��hnpbhkpz\�pigiW}\_hnZ/|�g
�nhkq5`��v|5hn�k`bgY|5`L�xq,\_�<\*�Thnp
WY`�w5WY`�pi`�q9gipv\�q5XTy5`/�5� g��zhkp©gb|,\_p�\*�kpiX#fR`�`Gq%\*yxy5`�y�giX#gi|xhnpbyx`]�DX/Wi^�\7gihkX[q��

� y5`G�DX/Wi^3\*gihkX[q¢giX9X/�b{7\_q \*�kpYX%fR`�\*y,\_w�gY`�y giXPgi|5`�X/f�r�`�{Gg�giXP�z|5hk{}| hng¦�zhn�k��fR`�\_w5w5�nhk`�y¨� ¼ q
*<hkZ[lxWi`H¾H�
`3|R\Go�`P\*wxw5�nhk`�y gi|5`�q5X9yx`G£1y5`G�DX/Wi^3\*gihkX[q giXTX[�zgiX \_q X/fTrs`�{Gg�gi|R\7g¤hkp#qxX_g�pigiW}\_hnZ/|�g7m \
|5X/WYpi`�pY|5XT`/� � |xhnpb|,\_pvfR`�`�q�^�\*y5`�wRX/pYpihkf5�n`LpYhn^�w5�nu�f9u�\_y,\_w�gihkq5Z�gi|5`�hnq5hngih¥\_�<\7��hnpzgiX�gY|5`"pY|,\_wR`�X_�
gi|x`bX/f�r�`�{GgN� ¼ q *<hnZ/l5WY`b¾7£M�n`G�¥g gi|5`�oThkpilR\*�kh���`�y�\*�Thkp�hnp�gY|5`bq5`G� hkq5h�gYh¥\_��X[q5`/� � |5`
y5`G�DX/Wi^�`�y¦|5X/WYpi`�pY|5XT`
hnpzpi|xXN�vq�hnq *<hnZ/l5WY`�¾N£MWihkZ[|9g
giX/Z[`Ggi|x`�Wv�zh�gY|¤gY|5`L�xq,\_�<\*�Thnp7�
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*<hnZ/l5WY`�axÃ � |5`Lp]\*^�`Ly5`G�DX[WY^3\*gihnX/q�\_w5wx�nhn`�y3giX#gE�
X�y5h��Q`�WY`�q�gbX/f�r�`�{GgYpN�

� � ��	����%����$ 	¦� #��³�#�%�v� %&#%�7����� ���e	¦�
	¤$

� �
X?pYhn^�w5�k`¤`G�5\_^�w5�k`�p#X[�Lyx`G�¥X/WY^3\7gihkX[qxp#X[���
`��n� '9qxXN�vq X/f�rs`�{Ggip�f�u gi|5`H�v�x�z�Lgi`�{}|5qxhnj9lx`%\_WY`
hn�k�nl5pigiW]\*gi`�y�hkq *<hnZ/l5WY` Èz\*qxy �9�(*<hkZ[lxWi`�È�w5WY`�pY`�q�gip�gE�
XbgY`7\*wRX[gip7�[Ä�qLgiX/w¨m*\_q�\*�Thnp<|,\_p�fR`�`�q"yx`GpYhkZ[q5`�y
f9u"gi|5`
lxpi`�W�hkq5pYhny5`
gY|5`
piwQX[l�g
X_�,gi|x`�lxq5y5`G�DX/Wi^�`�y�gi`7\_wRX_g7� � |x`�y5`G�DX/Wi^�`�y�gi`7\_wRX[g(w5WY`�pi`�q9gi`�y�fR`��kXN�
WY`�pilx��gipb�¥WYX/^ \�y5`G�DX/Wi^3\*gihkX[q�X[�<gY|5`�\*�Thnp7�

¼ q *<hnZ/l5WY` �Tm*\by5`G�DX[WY^3\*gihnX/qLgi|,\*g<hkq5{��nlxy5`�p�fRX[gi|�\
y5`G�DX/Wi^�\7gihkX[q�X[��gi|5`�\*�Thkp�\_q5y¦\
^�X9y5hn�x{7\*gihnX/q
X[��gi|5`�pY{7\*�k`�Z/W}\_w5|�hnpz\*wxw5�nhk`�y¤gYX�gY|5` 
 - �

¼ q X/l5W�hn^�wx�n`�^�`�q�g]\7gYhnX/q¨mB{�X/^�w5l5gihnq5Z%gi|5`�y5`G�DX/Wi^3\*gihkX[q X[��gi|5`�^�X/p©g¦y5`Gg}\_hn�k`Gy X[f�rs`�{Gg 2�89�7È�1
o�`�W©gYhn{�`�p54 g}\�'[`�p�\_w5w5WYX7�Thn^3\*gihno/`���u 1T�½��1�pY`G{�X/q5y�X[q�\_q ¼ d ¼ t��T� 1 
�Á��¦�
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*�hnZ/l5WY`"¾TÃ5��y,\_w�gihnqxZ¦gi|x`Lyx`G�¥X/WY^3\7gYhnX/q¤gYX9X/�BgiX#gi|5`�X/f�r�`�{Gg7�

����gY|5X/l5Z[| pYwR`�{�h��,{�\_q5y¢pYhn^�wx�n`/mQgY|5`¤yx`G�¥X/WY^3\7gYhnX/q5p�gi|,\*g�{7\*q fR`3{GX/q9giWiX/�n�k`�y¢�vh�gi|¢gi|5`3�v�5�v�
gi`�{}|xq5hnjTl5`L\_Wi`�o/`�Wiu#{�X/^�^�X[q�\_q5y3^�X[pig l5pY`G�¥lx�M� *5l5Wigi|5`�WY^�X/Wi`/m��v�5�v�¨X �Q`�WYp gY|5`v�DX[�k�nX7�zhnqxZ¦\_y�o/\*q5£
g}\_Z/`�pNÃ

) t9hnq5{�`�gY|5`�y5`G�DX/Wi^3\*gihkX[q?hnp�hnq5yx`�wR`�q5y5`�q9g�X[�bgi|5`�X/f�rs`�{Gg�gYX��v|5hn{}| h�g"hnp�\*wxw5�nhk`�y¨m�h�g¦{7\*q fR`
Wi`G£Ml5pY`�y3giX#yx`G�¥X/WY^ X[gi|x`GWvX/f�r�`�{GgYpN�

) t9hnq5{�`3�v�5�v�zhkp�hkq5y5`�wR`�qxy5`�q�g�X[�zgY|5`¤{�WY`7\7gYhnX/q¢gY`�{}|5q5hkj9l5`/m
h�g�{7\_q fR`�l5pY`�y?giX¡y5`G�DX[WY^ \_q�u
`G�Thnpigihkq5Z�X/f�r�`�{Gg7�

) �v�5�v�<{7\_q�`7\*pYhn�nu¤fR`�{�X/^�f5hkq5`�y3�zhngi|�X_gY|5`�Wzyx`G�¥X/WY^3\7gYhnX/q�gi`�{}|xq5hnjTl5`�p7mxpYl5{}|�\_p * *(���

) �v�5�v�({7\*qPfR`�\_w5wx�nhn`�y�giX�^3\_q�u�y5h �Q`�WY`Gq9g�Z[`�X/^�`GgiWYhn{�^�X9yx`��npvpilx{}|¡\_p�piwx�nhnqx`�pil5Wi�1\_{G`�p7mRwRX[£
��uTZ/X/q,\*�¨pYl5Wi�1\*{�`�pzX[Wb|xhn`�W]\*WY{}|5hk{7\*�¨pYl5Wi�1\*{�`�p7�
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) �v�5�v�<{7\_q�`7\*pYhn�nu¤fR`�hkq�gY`GZ/W]\7gY`�y�hnq9giX�^�X[pig�Z/`�q5`�W]\*��\*qxy3hkq�gY`GW]\_{Ggih�o�`�^�X9yx`��nhnqxZ�piuTpigi`�^�p7�

) �v�5�v�<hnpbo/`�Wiu¤hnq9gil5hngih�o�`�\_q5y��¥lx�n��u¤hkq�gi`�W]\_{Ggih�o�`/�

� |xhnpbw,\_wR`�Wb|R\*pzpi|5X7�vq¤gY|,\*gz�v�5�v�<hkpv\"o�h¥\_f5�n`Ly5`G�DX[WY^3\*gihnX/q�gY`G{]|5q5hnjTl5`L�DX/WbZ[`�X/^�`GgiWYhn{L^�X9yx`]£
�nhkq5Zx� ¼ g�Z[WY`7\*gi��u�hnq5{�WY`7\*pY`�p
gY|5`"{��D\*pYpbX[�(y5`G�DX/Wi^3\*gihnX/q5pzX[f5g}\*hkq5`�y�f9u3^3\_q5hnwxl5�¥\*gihkq5Z�\�y5`G�DX[WY^3\*gihnX/q
`�q9gih�g�u \_q5y ^3\('/`�p¦`7\*pYhn`�W¦gY|5`�{�X[q9giWYX[�
X[�vpYX/^�`�y5`G�DX[WY^3\*gihnX/q5p¦l5pYl,\_�n�nu¡y5`G�,q5`�y l5pYhnqxZHgi|5` * *��
gi`�{}|xq5hnjTl5`�p7� � |5`�WY`¦\_Wi`�|xXN�
`Go/`�WL\#qTl5^�fR`�WvX[�(`�q5|,\_q5{�`�^�`�q9gipL\*qxy�`G�Tgi`�q5pYhnX/q5pvgYX��v�5�v��gi|R\7g��
`
pY|5X/l5�ny��kh '[`�giX�hnq9o/`�pigihkZ�\*gi`/�Rt9X/^�`�X[��gi|5`�^ \_WY`/Ã

) {}|5`�{ '9hkq5Z#�¥X/WbpY`����¥£Mhnq�gY`�WipY`�{GgihkX[q�X[��gi|5`�yx`]�DX/WY^�`�y3pYl5Wi�1\*{�`/m

) \*l�gYX[^3\*gihk{7\*�n�nu 2MX[Wzpi`�^�hn£E\_l�giX/^3\*gihn{7\_�n��u�4�y5`�pYhnZ/q5hnqxZ¦gi|5`L�,Wipig�\*�Thkp
X[q�gY|5`�pYl5Wi�î\_{�`/m

) hn^�w5�k`�^�`Gq9gihkq5Z�\_q \*yR\*w�g]\7gYh�o�`3pYl5fRyxh�o�hnpYhnX/qPgY`�{}|5q5hkj9l5`�pYl5{}| \_p�gi|,\*g#X_�LÁ�Wihk`�pipY^3\_hnW�`Gg�\*�E�
ÀÇÁLV �/�7Â�hnq�X/WYy5`�W�giX�^3\*hkq�g}\_hnq�\*q%\*{�{�`�w�g]\*f5�k`�Wi`�pYX/�nl�gihkX[q�X[��gi|5`�pYl5Wi�1\*{�`/m

) \*�k�nX7�zhnqxZ�pY`Go�`�W}\_�<\7��hnp
gYX#fR`�lxpi`�y�pYhn^�lx��g}\_q5`�X/l5pY��u��DX/Wzyx`]�DX/WY^�hnq5Z#\_q�X[f�rs`�{GgN�

*5l5Wigi|5`�WY^�X[WY`/mRy5l5`�giX3gi|5`�pYhn^¤w5�nhn{�hngEu�X_� gY|5`#yx`G�¥X/WY^3\7gYhnX/q�`�q9gih�g�u 2îgi|x`�\7��hnp54}mQhngLpY`�`�^�p��nh '[`��nu
gi|R\7gzgi|5hnp�\*wxw5WYX�\_{}|��
X[lx�ny�\*�kpiX#fR`Lo/`�Wiu�\*g©giW]\*{GgYh�o/`"�DX[W�\*q5hk^3\7gYhnX/q�\_w5w5�khn{7\7gYhnX/q5p7�

�v�x�z��hnp
w,\_Wig�X[���  
��¼ Ä ���/��m�\"Z/`�q5`�W]\*�Bhnq9gi`�W}\_{Ggihno/`�^�XTy5`��nhkq5Z�piuTpigi`�^³y5`Go�`G�kX[wQ`Gy¦rsX/hnq9gi��u�f�u
t5Ä�Á ¼i� �   \_q5y ¼ ��d ¼ �¦�

� �������
���%�z��$

À +
\_W]�*a[Â �¦�ÇÆ"��+
\_WYWN�<Áv�kX[fR\*�B\_q5y�	¨X9{7\_�B�v`G�DX/Wi^3\*gihkX[q5p X[��t9X[�khny¤V(WYhn^�h�gYh�o/`�p7� 	 �������/� ����� 	�
 �

,���
� � ������� �	����� ��
�!]m¨�N� 2E��4}Ã 8T������1Tm��_l5��u%�7�/�*ax�

À +/+
���]Â V�\*lx� +�X/WiWY`��Q\*qxy���X[^�hkq5hnjTl5` +�`�{}|5^3\_q5q����v`G�DX[WY^3\*gihnX/q�X[��q�£E��hn^�`�qxpihkX[q,\_�BÄ�f�r�`�{GgYpN�
¼ q 	������ ��! � � � ��� 	���� � ��� �����5� ����� �:� � ������� � ��� ! ��� � 
 � ��� 
 ��� �������6��
	���
������!}m
w,\*Z/`�p��/¾T���T�/È[���x�   §?m �_l5q5`��7�[���/�
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À   X[fR�*a[Â +v�¿tR�   X/f5f�� ����!�� ��� �>� 	�
 � � � � � �	��� 	 � � ����
	��!�� ! �����&� � ����� 	 ���6��� � � � � �	��!���������� � ���x�
V(|,� gi|x`�pihkpNm��zqxh�o�`GWYpYh�g�u�X[�	�bg}\_|¨m �_l5q5`��7�/�*ax�

À   X9j5��1*Â t�\*fxhnq5`   X9jTl5hn�k�¥\_W©g7� � * *(��Ã[� t9{�l5�kw�gil5WYhnqxZ � X9X/�5�DX/W��*y3Á�`�X[^�`GgYWihk{v§�X9y5`��khnq5Zx� 	 � �
�
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5!}m 87a 21a 4}Ãn�7� � �R�N�/È�mx��l5Z/l5pig"�7�[��1��

À *,+
�[�*Â ���Çd�� *5X[WYpY`Gu \_q5y dL�½Æ"� +�\_Wigi`��np7��Æzhk`�W}\_WY{}|5hn{7\_��+ £�tTw5�nhnqx`�d
`G�,q5`�^�`�q�gN� 	 � � ��� ���
����� 	�	 � 
 ���
� � ������� �	����� ��
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ÀÇÁLV �/�*Â ��� ÁvWYhn`�pYpY^3\*hkW�\*qxy - �
V(lxWiZ9\*gi|5X[�¥`�W7� ��`G�¥X/WY^3\7gYhnX/q¢X_�Lt9X/�nhnyxp¦�zh�gY| � Wihno/\*WYh¥\*gi` + £
t9w5�khnq5`�p7� ¼ q���� ��� ��� � ��� � 
 	�� 	��/m5wR\*Z/`�p"�7� � �R�Ga9��� �zX/W©gY|�£�ÆzX[�k�¥\_q5y¨mB�N�/�/�T�

À ���kX��/È*Â *�� ���nX�'Q� � ��X3§�X7oThnqxZ   XTX[WYy5hkq,\*gi` *<W]\_^�`�pb�DX/W"t9��`�`�w5hkq5Z3\*�kX[qxZ�\��_y � W]\7rs`�{GgiX/W©u��

,���
� � ����� � � ��� � ��� ��� �5� �5��
 ����!�� ���,m 2E��4}Ã 8T� � � 8�8[�Tm<�N�/�/ÈT�

À V(\*W����NÂ dL� �b�9V(\*WY`�q�g7��� t�u�p©gY`G^ �DX[Wvt9{�lx�nw�gihkq5Z#�7£�� ��\*g}\�� 
 ����� � ����� � �	����� � 
�!}mR�/��2 8�4}Ãk�N�/���
�Ga �9m �_lx��uP�7� � �T�

ÀÇt5V �[È*Â � � - ��t9`�y5`�WYfR`�WiZ \_q5y tR�½dL� V(\*WYWiu��7*5Wi`�`G£�*<X/Wi^ ��`G�¥X/WY^3\7gYhnX/q X[�¦t9X[�khny�Á�`�X/^�`GgiWYhn{
§�XTy5`��np7� 	 �������/� ��� � 	
� � 
 ����� � ������� �	����� ��
5!}m 8�1 21a 4]Ãn�*¾9���R�NÈ�1TmR��l5Z/l5pig��7�[�/ÈT�

À - + + 0 ��1*Â +v� -�uToThk�n�Mm ��� +��nX9X/^�`�q�gY|,\*�Em � � +�`�hn`�W7m���� + �khnq5q�m<�¦�(d
XT{ '��
X9XTy¨m \_q5y Á¦� -�u9o�hn�n�E�
§�XTy5`��nhkq5Z?\_q5y ��q5hk^3\7gYhnq5Z��zhngi| ¼ ^�w5�nhk{Ghng�t9l5Wi�1\*{�`�p7� 	�� � ��� ����� 
 � � ��!���� ��� �5!}m 8[�Tm
�N�/��1��

À - -K��87Â - ��-¡`��k{}|�\_q5y¤����- h�g 'Thnq¨��
�\*WYh¥\*gihkX[q,\_�Bt9l5Wi�1\*{�`L§�XTy5`��nhnqxZ5� 	 �������/� ��� � ��� � 
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Éditeur

Inria, Domaine de Voluceau, Rocquencourt, BP 105, 78153 Le Chesnay Cedex (France)

ISSN 0249-6399


